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Abstract 
The autonomous robot technology can be used for part supply in assembly lines since it provides efficient handling and transport. This paper 
proposes a decision making method for plan generation of part supply operations undertaken by Mobile Assistant Units (MAUs). Time and 
inventory levels are used as decision making criteria. The method was tested on an automotive assembly case study. The results indicate that 
the method can provide high quality solutions, in terms of production volume and minimization of the line stoppages. 
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1. Introduction 
The autonomy of equipment for part supply operations in 
assembly lines has been increasing [1]. The autonomous robot 
technology is widely used in the field of part supply, 
providing efficient handling and transport [2-4]. Heuristic 
approaches were investigated for the part supply planning 
problem in different applications such as hospitals or 
warehouses [5 – 10]. Autonomous industrial mobile 
manipulators (AIMM) are also investigated [11]. However, 
such solutions receive poor acceptance in industrial settings 
since they are individual technologies, such as the robot 
manipulators and tooling, which need to be integrated in a real 
industrial environment. On the other hand, Automated Guided 
Vehicles (AGVs) are used extensively in industry but they 
lack flexibility, due to their need for permanent floor 
navigation lines, while in most cases the loading/unloading of 
parts to/from the AGV and the supply planning process are 
carried out manually.  
This paper investigates the introduction of Mobile 
Assistant Units (MAUs) that can autonomously navigate in 
the shop floor, performing part supply tasks in an automated 
manner [12]. These mobile units have the ability to 
communicate with each other as well as with a central 
integration system that provides them with the tasks to be 
performed by each one of them. There is a generic 
formulation of the common part supply problem and a system 
is introduced for the planning of the part supply. 
2. Approach 
Assembly systems are organized in lines that involve 
several stations. The products are assembled in these stations 
by using a variety of different parts and components such as 
screws, clips, cables etc. These parts are stored into boxes 
located at specific positions in each station. Additionally, 
large warehouses (markets) exist outside the line, where these 
boxes are stored for the replacement of any of the assembly 
station boxes that are under depletion (Figure 1). 
 
 
Figure 1. Different pathways of MAU with respect to its capacity 
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Given the demand for mass customization, many assembly 
lines follow the mixed model assembly paradigm where 
different quantities of parts are consumed by the different 
models.  
This results in unbalanced inventory levels within each 
station. The increase of product variants and the pursuit of 
random production mix create the need for consumables and 
parts to be supplied to the stations in a dynamic way. 
Whenever there is a need for one or more boxes to be 
replaced, multiple alternative solutions may be realized. There 
are different alternative pathways that a mobile unit may 
travel on when considering possible part supply operations. 
These part supply operations can be grouped into tasks for 
each mobile unit. As an example, when a mobile unit needs to 
transfer one box from the warehouse area to a specific station, 
the following operations need to take place: 
 
x Go to the market where the full box is stored 
x Identify the box 
x Load the full box from the shelf to the mobile unit 
x Travel towards the destination of the box’s station  
x Load the empty box from the rack to the mobile unit’s 
shelf 
x Unload the full box from the mobile unit’s shelf to the rack 
x Go to the market where the box was stored into 
x Unload the empty box from the mobile unit’s shelf to the 
market’s rack. 
 
Additionally, the precedence relation between the different 
operations should also be one of the problem’s parameters. 
For instance, the mobile unit cannot go to the station for the 
unloading of a box, unless this box has been previously 
loaded from the respective market.  
Such tasks are automatically generated by the system 
presented in this study for all combinations of stations and 
boxes that need to be served in a different sequence each time. 
In order for an efficient part supply plan to be generated 
for the tasks that need to be performed, the constraints 
described in this section, are taken into account. 
 
 
Figure 2. Configuration alternatives tree 
 
A mobile unit may include a number of storage areas or 
shelves, where the boxes are located during their 
transportation. Since different types (dimensions) of boxes are 
used to storing the different parts, each storage area / shelf of 
the mobile unit can store only specific combinations, in terms 
of the number of boxes. For instance, it may accommodate 
only one big box, or 4 small boxes, or one medium sized box 
and two small ones. Each feasible combination of boxes that a 
mobile unit can carry simultaneously in all its storage areas / 
shelves is defined as a configuration.  
Given the predefined dimensions of each type of box, and 
the characteristics of each mobile unit, the total number of the 
feasible configuration alternatives for each mobile unit can be 
calculated (equation 1). It is important to mention, that in the 
shop floor, the existing mobile units may vary with respect to 
their capacity, number of shelves, speed, dimensions etc. In 
this case, the total number of configuration alternatives will 
be different for each mobile unit. A crucial constraint that 
should be taken into consideration in this calculation is that at 
least one of the shelves of the mobile unit needs to carry at 
least one box. 
3
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Where, nc stands for the total number of configuration 
alternatives, i (i.e.[1,2,3, …]) is the index of mobile unit’s 
shelf and   stands for the feasible combination of boxes that 
can be carried on the ith shelf. 
Considering that the mobile unit may have one of the 
abovementioned configurations, it is possible to form 
alternative configuration combinations in the form of a tree 
(Figure 2). The tree can be constructed in the following steps: 
 
x Identification of the number and type of boxes that need to 
be considered in the planning process  
x In layer 1, a mobile unit is selected (any of the available 
mobile units can be selected for each layer either 
sequential or randomized, having no impact in the 
formulation of the alternatives) and all possible 
configurations are listed as a tree’s branches. 
x For each of the rest mobile units, all possible 
configurations are listed in separate layers considering the 
configuration/boxes of the previous layer to exclude any 
duplication of tasks in the same tree 
x Each layer configuration is combined with the 
configurations of the next layers for the formation of a 
tree’s branch, which is considered as a configuration 
alternative. 
 
Ci,j is the definition of the configuration, where, i is the 
index of the layers [i=1, …, number of mobile units], j is the 
index of the respective configuration [j=1, …, nc]. 
The tasks for each configuration are shown for two layers 
(two mobile units). Since the alternative configurations for 
each mobile unit stand for the feasible combination of boxes 
(with respect to their type) that this unit can carry 
simultaneously, the configuration tree can be used as a 
starting point for the formulation of the different task that can 
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be performed for the transportation of the boxes. Such 
alternatives will specify the task assignments that need to be 
performed by the different MAUs. Starting from the 
configuration alternative tree, each node can be replaced by 
the tasks that are compatible with each configuration. This 
means that the resulting tree (Figure 3) is further expanded 
according to the number of tasks that have to be carried out.  
Ta,b,c is the task definition where, a is the index of the boxes 
needing transport [a=1, …, number of boxes], b stands for the 
station where the ath box needs to be delivered and c stands 
for the type of ath box (A, B, C, …). 
Based on this formulation, two steps should be followed in 
order for the total number of alternatives to be calculated. 
The first step is the calculation of the number of task 
alternatives for each individual box type allowed in each 
configuration. This calculation can be divided into two cases, 
with respect to the total number of boxes allowed in the 
specific configuration of a particular type of box; the one 
whose value is smaller than the number of available boxes for 
this type in the scenario and the second whose value exceeds 
the number of available boxes for this kind of box in the 
scenario. 
 
!
!
!
A
TAi A i
A iTAi
TAi A A i
NN if N na
N naN
N N if N na
­  °  ®°  t¯
             (2) 
where, i is the index of configuration alternatives [i=1,…, 
nc], NA stands for the total number of the available boxes 
type A in the shop floor, nai stands for the total number of 
boxes type A allowed in the ith configuration (e.g. in the ith 
configuration the mobile unit can carry four boxes type A) 
and NTAi stands for the number of task alternatives that can be 
performed for the replacement of boxes type A allowed in the 
ith configuration. 
Next, is the calculation of the overall number of task 
alternatives (for all the available type of boxes), which can be 
calculated by aggregating the product of the number of tasks 
alternatives for each individual type of box, allowed in each 
configuration as follows: 
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where, NT stands for the total number of task alternatives. 
For the selection of an efficient task alternative among the 
set of the feasible ones, it is necessary to define metrics that 
can quantify the performance of each one of them. In the 
context of this work, transportation (tt) represents the time 
required by the mobile unit in order to perform the necessary 
tasks. This metric’s minimization will result in the 
maximization of the utilization of resources as well as in the 
reduction of the idle time. Additionally, the alternative that 
requires less time will be able to serve the line faster, leading 
to reduction of stoppages due to lack of materials. This metric 
can be calculated as follows: 
 
 
Figure 3. Task alternatives tree 
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Where, d stands for the distance travelled by the mobile 
unit and v for the average velocity of the MAU. 
The total distance travelled for each task alternative varies 
due to the different pathways followed within each 
alternative. The distance may be calculated by equation 5. 
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Where, x stands for the number of boxes that can be 
carried simultaneously, i is the index of the boxes that can be 
carried simultaneously [i=1, … x], mi stands for the market, 
which the ith box is stored into and si stands for the station, 
which the ith box should be delivered to. 
The metric of the Remaining Cycles (RC) has been 
introduced in the proposed approach for the quantification of 
the inventory levels of the different stations, throughout the 
operation of the system. This metric is discrete for each 
individual box and represents the number of cycles that each 
box can serve before its content is depleted. Based on this 
metric, the Critical Remaining Cycles (CRC) limit has also 
been established so as to be used as a threshold for triggering 
the part supply plan generation process. In more detail, when 
the current RC of a box is lower than the CRC, then this box 
needs to be replaced. The CRC is defined by the user on the 
basis of each box’s maximum capacity and the number of 
parts consumed in each cycle. 
In order for the number of the mobile units travel paths to 
be minimized, another rule is introduced to the part supply 
model using as input the values of the current RCs and the 
CRCs of the boxes. Once the checking of the RCs has been 
performed, the number of boxes that needs to be transferred to 
the assembly line is identified. If this number is equal to the 
total number of boxes that the mobile unit can carry, then the 
generation of alternatives for the planning and their evaluation 
is performed. However, if the number of boxes, under 
depletion, is lower than the maximum number of boxes that 
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the mobile unit can carry, the planning horizon rule is applied. 
This rule checks whether the mobile unit should wait in order 
for more boxes to get under the limit of RCs so as to be 
transported simultaneously and save travelling time. Hence, 
this should only be allowed if it does not lead to stoppages of 
the line due to lack of material. The PH is a variable that takes 
integer values from 1 to the total number of boxes that the 
mobile unit can carry. 
3. Implementation 
For the testing of the designed part supply model, the 
functionality of simulating a monitoring system of the shop 
floor status was developed in a software application, running 
in MATLAB environment (Figure 4). The different products 
enter the system following a uniform distribution profile for 
the generation of a random sequence of parts that adhere to a 
predefined mix ratio. This means that in each time interval, 
there is a random number generated from a uniform 
distribution. This number is then classified into a predefined 
scale (e.g. 1-3, 4-7, 8-10) and depending on the range, it 
belongs to the defined product type. According to each 
product type, in every cycle of the assembly, a specific 
number of parts from each box are consumed. In that way, the 
number of boxes, in consumables, can be traced during the 
production cycles. 
 
 
Figure 4. Plan generation for PH = 2 
4. Case study 
The proposed system has been applied to a case study 
inspired by an actual assembly line of the automotive 
industry. Indicative data such as layout of the line, actual 
production rate, stoppages etc. are provided in the context of 
this paper. The final product of the line is the wheel group 
assembly of a passenger vehicle. In this case, a production 
mix of four different models is encountered in the same line. 
The production volume with respect to these four models is 
shown in Table 1. 
Table 1. The production volume for the four different types of vehicles 
 Model 1 Model 2 Model 3 Model 4 
Production Volume Ratio (%) 46.00 20.00 28.00 6.00 
 
The assembly line of the rear wheel (RWAL) consists of 
four stations, where the operations shown in Table 2 take 
place at a particular cycle time for each one. 
Table 2. The actions in the assembly line of the rear wheel 
St. Operation Cycle time 
1 Assembly of wheel stud and wheel plate 1,5 min 
2 Wheel hub assembly  1,5 min 
3 Drum brake quality control 1,5 min 
4 Unloading wheel group 1,5 min 
 
In total, there are eighteen different boxes of consumables 
on the assembly line. With respect to the dimensions of the 
boxes, there are five different types (A, B, C, D and E). More 
specifically there are seven boxes of type A (30x15x20 cm), 
three boxes of type B (40x30x30 cm), two boxes of type C  
 (40x15x30 cm), three boxes of type D (60x30x40 cm) and 
three boxes of type E (51x9x40 cm) which are typical 
dimensions of boxes with consumables for the automotive 
industry. Similarly to the case described in Section 2, a 
different type and a different number of parts are required for 
each assembly step. When each one of these boxes is close to 
depletion, a replacement with a full box from the ware house, 
is required.  In the specific example, there are four market 
areas in the factory. Each box has a specific “pick location” in 
the warehouse area and a specific “place location” in the 
assembly area of the stations.  
The mobile assistant units (MAUs) (Figure 5) consist of a 
mobile platform and the upper structure. The mobile platform 
enables the autonomous navigation through the shop floor, 
from the stations to the warehouse area and vice versa. The 
structure comprises three shelves for carrying boxes and an 
extra shelf that is used to storing the first empty box that will 
be loaded in the MAU as well as a linear mechanism with a 
four point parallel gripping device that is able to pick up a 
variety of boxes. This device can grasp boxes up to 20kg 
weight and 400mm width.  
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Figure 5: MAUs Structure 
When the MAU arrives at the first station, it loads the 
empty box on the extra shelf. After the respective full box has 
been unloaded at the station, the linear mechanism moves the 
empty box from the extra shelf to the regular one (which is 
now empty). 
After the completion of all tasks, the MAU moves to the 
markets, where the boxes are usually stored and unloads the 
empty ones before beginning a new operation. Based on the 
current production setup, the upper shelves of the market are 
used for the storing of full boxes (to avoid ergonomic issues) 
and the lower ones are used to storing the empty ones. The re- 
filling of the empty boxes is allocated to another actor of the 
internal part supply system.  
In order for the efficiency of the proposed system to be 
tested, two sets of experiments were conducted using Matlab 
2012a. In the first set of 12 experiments, the value of the PH 
was set to 1. In this case, for the extraction of the task 
assignments, in each decision point, only the immediate needs 
of the line in consumables are taken into consideration. This 
resulted in MAU’s only transferring each box that had to be 
replaced without taking into consideration when the next box 
would get under the critical RCs. In the second test (12 
experiments in total), and in order for the travelling time of 
MAU to be reduced, the PH was set to 3 that is equal to the 
maximum number of boxes that MAU can carry 
simultaneously. In other words, in this case, the planning 
algorithm takes into consideration the needs multiple stations 
that will need to be addressed in the near future. 
The MAU introduced, is equipped with three shelves that 
can carry one of the following: a) only one box of type A, or 
b) one box of type B, c) one box of type C or d) one box of 
type D or e) one box of type E or f) zero parts.  In this case, 
there are six different possibilities for each one of the shelves. 
As mentioned above at least one of the shelves has to carry at 
least one box. Therefore, the number of configurations can be 
calculated based on equation (1) to nc = 180 possible 
configurations. 
The number of task alternatives is calculated based on the 
equations presented to NT = 6938 alternatives 
5. Results 
The above mentioned experiments were run for the time 
period of 1800 minutes. This time period is equal to 1200 
cycle times, meaning that the system’s maximum production 
for this period of time is 1200 parts. After the application of 
the plan generation and the execution of the experiments, 
specific metrics were obtained for the evaluation of the 
system’s performance, under the two different 
implementations. The values of these metrics, on average, for 
the 12 experiments of each set, are presented in Table 3. 
Based on these values, it was observed that the system’s 
production volume for a PH equal to three, on average, was 
increased by 5%. Moreover, travelling was reduced by 26%, 
on average, thus resulting in a higher utilization of the MAU. 
The number of parts rejected by the system has also been 
recorded. A part is considered as having been rejected by the 
system when the station, where it should be processed to, has 
been blocked with the previous part. This is attributed to the 
occurrence of stoppages of the investigated line setup, due to 
lack of materials when the planning horizon is limited. This is 
justified by the fact that a low PH leads to multiple trips made 
by the MAU, which serves very few stations on each trip and 
consequently, it cannot keep up with the line. The respective 
results have shown that the number of rejected parts, for a 
higher PH, equal to three, is reduced by 44%, improving the 
system’s performance. Last but not least, a reduction in the 
system’s part depletion occurrence, by 57%, on average, when 
the PH value is set to three, has been identified. 
Table 3. Average Criteria Values 
PH 
Parts 
entered  
1200-
1052=Pro
duction 
Volume 
No of MAU 
transportation 
No. of 
Rejections   
Part 
depletion  
PH = 1 1200 
1200 
995 56 205 28 
PH = 2 1052 41 148 12 
6. Conclusions 
The findings of the case study indicate that the proposed 
approach can:  
 
x Be tailored to the characteristics of different MAUs 
(number of shelves, dimensions) through the PH variable 
x Be tuned for adjusting the decision making process in 
order for the multiple variants (e.g. number of boxes) to be 
considered by the PH variable 
x Achieve a higher production volume of the system, 
x Reduce part depletion occurrences and 
x Reduce the MAU’s travelling distance, leading to an 
increased utilization of these resources and to a reduction 
in the idle time. 
 
For larger instances of the part supply planning problem 
(e.g. more stations, more boxes, multiple assembly lines etc.), 
future research should focus on the implementation of 
intelligent search that could be more efficient, with the 
reduction of  the computational cost. Furthermore, the 
integration of the planning with the MAU’s control system for 
online detailed estimations, which require navigation and task 
execution time, is an ongoing project. Last but not least, the 
connection with shop floor monitoring systems would 
reinforce the efficiency of the planning and the system’s 
responsiveness. Such systems are currently being researched 
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and their analysis has been used for the formulation of the 
model underlying this study. 
7. Acknowledgements 
The work reported in this paper has been partially funded 
by the EC research project “ROBO-PARTNER – Seamless 
Human-Robot Cooperation for Intelligent, Flexible and Safe 
Operations in the Assembly Factories of the Future” (Grant 
Agreement: 608855) [12]. The authors would like to specially 
thank Mr. Önder Tokçalar from TURK OTOMOBIL FAB. 
A.S (TOFAS) for providing valuable input for the definition 
of the part supply problem in industrial environment. 
References 
[1] Echelmeyer W., Kirchheim A., Wellbrock E., “Robotics-Logistics: 
Challenges for Automation of Logistic Processes”, IEEE International 
Conference on Automation and Logistics (2008) 
[2] Echelmeyer W., Tank S., Wellbrock E., Einsatzmöglichkeiten von 
Industrierobotern in Paketverteilzentren“, In: Fraunhofer Institut für 
Produktionstechnik und Automatisierung: Roboter in der 
Intralogistik,Stuttgart (2005) 
[3] G. Chryssolouris, "Manufacturing Systems: Theory and Practice", 2nd 
Edition, 606p, Springer-Verlag, New York, 2006 
[4] Makris S., Alexopoulos K., Chryssolouris G., “Logistics”, CIRP 
Encyclopedia of Producti on Engineering, pp. 762-768 (2014) 
[5] Lapierre S.D., Ruiz A.B., “Scheduling logistic activities to improve 
hospital supply systems”, Computers & Operation Research 34, pp. 624-
641 (2007) 
[6] Vivaldini K.C.T., Galdames J.P.M., Bueno T.S., Araujo R.C., Sobral 
R.M., Becker M.,  Caurin G.A.P., “Robotic Forklifts for Intelligent 
Warehouses: Routing, Path Planning and Auto-localization”, Industrial 
Technology (ICIT), 2010 IEEE International Conference, pp. 1463-1468 
(2010) 
[7] Montemanni R., Gambardella L.M., Rizzoli A.E., Donati A.V., “Ant 
colony system for a dynamic vehicle routing problem”, Journal of 
Combinatorial Optimization, Vol. 10, pp.327-343 (2005). 
[8] Özkil A.G., Zhun Fan, Dawids S., Aanæs H., Kristensen J.K., Christensen 
K.H., “Service Robots for Hospitals: A Case Study of Transportation 
Tasks in a Hospital”, IEEE International Conference on Automation and 
Logistics Shenyang, China August (2009) 
[9] Coma C., Confente M., Govemo M., Fiorini P., “An Autonomous Robot 
for Indoor Light Logistics”, Proceedings of 2004 IEEElRSJ International 
Conference on Intelligent Robots and Systems, Vol. 3, pp. 3003-3008 
(2004) 
[10] Sun D., Kleiner A., Schindelhauer C., “Decentralized hash tables for 
mobile robot teams solving intra-logistics tasks”, Proceedings of the 9th 
International Conference on Autonomous Agents and Multiagent 
Systems, Vol. 1, pp. 923-930 (2010) 
[11] Hvilsho M., Begh S., Madsen O., “Autonomous industrial mobile 
manipulation (AIMM): past, present and future”, Industrial Robot: An 
International Journal, Vol. 39 (2), pp. 120 – 135 (2012) 
[12] EU ROBO-PARTNER Project http://www.robo-partner.eu/  Last 
accessed 11/20/2015
 
